Abstract Sustainable, environmental friendly, and safe disposal of sewage treatment plant (STP) sludge is a global expectation. Bioremediation performance was examined at different hydraulic retention times (HRT) in 3-10 days and organic loading rates (OLR) at 0.66-7.81 g chemical oxygen demand (COD) per liter per day, with mixed filamentous fungal (Aspergillus niger and Penicillium corylophilum) inoculation by liquid-state bioconversion (LSB) technique as a continuous process in large-scale bioreactor. Encouraging results were monitored in treated sludge by LSB continuous process. The highest removal of total suspended solid (TSS), turbidity, and COD were achieved at 98, 99, and 93 %, respectively, at 10 days HRT compared to control. The minimum volatile suspended solid/suspended solid implies the quality of water, which was recorded 0.59 at 10 days and 0.72 at 3 days of HRT. In treated supernatant with 88 % protein removal at 10 days of HRT indicates a higher magnitude of purification of treated sludge. The specific resistance to filtration (SRF) quantifies the performance of dewaterability; it was recorded minimum 0.049 × 10 12 m kg −1 at 10 days of HRT, which was equivalent to 97 % decrease of SRF. The lower OLR and higher HRT directly influenced the bioremediation and dewaterability of STP sludge in LSB process. The obtained findings imply encouraging message in continuing treatment of STP sludge, i.e., bioremediation of wastewater for environmental friendly disposal in near future.
Introduction
Sewage treatment plant (STP) sludge disposal in a safe way is a global problem, which becomes more acute in the transportation and disposal due to a higher percentage (96-99 %) of water content (Outwater 1994; More et al. 2010) . Globally, several conventional along with some advanced techniques are being practiced for its sustainable settling, dewatering, disposal, and recycling,@ but some of it have limitations as well, as none of it is contaminant free (Subramanian et al. 2008) . Therefore, presently, the relevant scientists have turned their attention to biological-based treatments for a sustainable, environmental friendly, economically viable, and contaminantfree technique(s) to solve this problem (Boopathy 2000; Sobeck and Higgins 2002) .
Bioremediation is a bio-based treatment, a natural promising solution for safe disposal of sewage sludge/wastewaters, which is environmentally friendly, non-hazardous, cost-effective, sustainable, and it acquires innumerable advantages compared to non-biological processes (Colwell 1994; Desai and Banat 1997; Gargouri et al. 2011; Molla and Fakhru'l-Razi 2012) . Generally, in a biological treatment process, microorganisms secrete different enzymes, which play important roles to break down or alter (modify the constituents) the structures of wastes and enhance its separation, whether it is organic, inorganic, or toxic pollutant (Akthar and Mohan 1995; Molla et al. 2004; Malaviya and Rathore 2007; Zheng et al. 2013 ). Higher enzyme production was ensured by compatible mixed cultures which accelerated and strengthened bioconversion process with comparatively little increase of their cell biomass, which was reported by Dueñas et al. (1995) and Gutierrez-Correa and Tengerdy (1997) . Besides, the microbes have greater degradation ability of wastes, if it is isolated or collected from the same/similar sources of wastes Mannan et al. 2005; Li et al. 2011) . The ultimate goal of the biological treatment of sewage sludge/wastewaters is to coagulate the nonsettleable colloidal solids or to stabilize the organic matter for accelerating its dewaterability and filterability (Metcalf and Eddy 2004) .
Among microbial communities, it was recognized that the fungi plays an effective role in bioseparation and detoxification of wastewaters due to its filamentous structure (McNamara et al. 2008; Novotný et al. 2011) . The filamentous fungi in liquid-state bioconversion (LSB) process is enhanced to entrap and amass the suspended sludge particles of treated wastewater which augmented separation of wastes (i.e., bioremediation) and accelerated the filtration significantly (Alam and Fakhru'lRazi 2003; Fakhru'l-Razi and Molla 2007) . The LSB process had been examined under sterilized and non-sterilized (Fakhru'l-Razi and Molla 2007) domestic wastewater sludge in bench-scale fermenter and flask culture situation, respectively, by using fungal inoculation in terms of bioseparation and dewaterability. As a result, this LSB process has proven not only a successful enhancement in biodegradation, bioseparation, and dewaterability of treated sludge but also converting the dewatered sludge into value added compost through the solid-state bioconversion process (Molla et al. 2005) . Conversely, Wu et al. (2012) reported that hydraulic retention time (HRT) of the influent influenced on nitrogen and chemical oxygen demand (COD) removal of the treated domestic wastewater by anaerobic bacteria inoculation. Perhaps HRT may play a significant influence on bioseparation and dewaterability of STP sludge in LSB continuous process.
Though, a number of studies with encouraging results on bioremediation by fungal inoculation of domestic wastewater sludge in LSB have been reported. But most of the studies were done in shake flask and bench-scale bioreactor with sterilized and non-sterilized sludge. Moreover, the information on LSB continuous treatment of natural sludge for satisfying the demand of commercial scale operation at different HRT and organic loading rate (OLR) of the influent with fungal inoculation has not been investigated. Therefore, the present project was undertaken to evaluate the performance of LSB continuous process in large-scale bioreactor of STP sludge at different HRT and OLR of the influent with fungal inoculation.
Materials and methods
Collection of sewage treatment plant sludge and characterization STP sludge (total suspended solid (TSS) 0.3∼1.5 % w/w, pH 6.2-6.9) was collected from sludge holding tank (point after clarifier and before sludge proceeds to gravity thickener tank) of the Indah Water Konsortium wastewater treatment plant, Kuala Lumpur, Malaysia. Raw (after removal of largesized foreign materials) sludge was used for the present study, and some sludge samples were stored at 4°C for the next immediate use.
Fungal strains and inocula preparation
Two fungal strains, Aspergillus niger SCahmA103 (IMI 385267) and Penicillium corylophilum WWZP1003 (IMI385277) were used in the present study which were collected from the stock of Biochemical Engineering Laboratory, Universiti Putra Malaysia. The individual fungal strain was subcultured in regular intervals on potato dextrose agar (PDA 3.9 %, pH 5.4, Oxoid). For preparing the fungal spores suspension, 10-days well-grown fungi on PDA media at ambient temperature (28±2°C) in disposable Petri dishes (five) were transferred in to 250-mL Erlenmeyer flasks containing 100 mL of prior sterilized distilled water. The flasks were allowed to shake in rotary shaker at 150 rpm for 24 h followed by filtering with 12.5-cm Whatman # 1 filter paper. The fungal spores suspension was preserved at 4°C, and the same source was used as inoculum for the present study. The strength of fungal spores suspension was recorded between 3.16×105 and 3.25×105 spores/mL for A. niger and P. corylophilum, respectively.
Operation of LSB treatment process of STP sludge in vertical bioreactor
The experiments were set up in the laboratory vertical bioreactor consisting of polyvinyl chloride cylinder; the schematic diagram of it is presented in Fig. 1 . The system was equipped with two pumps for influent and aeration systems. For agitation, eight paddles agitator were set up with 0 to 50 rpm. The influent was pumped continuously into the bioreactor by a peristaltic pump. However, the input of OLR was increased or decreased by rising or reducing the influent concentration while maintaining a constant HRT. Two pipes were at the bottom for drainage and at the top for overflow. Desired working volume was maintained by discharging through the outlet tube of excess wastewater. For aerobic bioconversion of the substrate, filtered air was supplied just below the impeller by an air compressor. The experiment was conducted with 20 L of STP sludge (0.5 % w/v TSS) with continuous mixing at 10 rpm. The inoculum was added to the wastewater in bioreactor with 2 % (v/v) mixed fungal spores suspension (1:1) of A. niger and P. corylophilum during the period of conducting the experiment . The initial pH was recorded (pH 6.6), but it was not controlled thereafter. But temperature, agitation, and aeration were maintained by microprocessor controller of the bioreactor. The bioreactor was operated in continuous mode for achieving the target of commercial use by fixing the feed rate required for the desired HRT of 3 to 10 days (eight steady states) in order to allow it to attain continuous operation at each HRT. The steady state performance was evaluated at different 
). For better comparison, similar operation was run by considering all factors except without fungal inoculation as control. The experiment was carried out in completely randomized design, and samples were collected and analyzed for each HRT. The results were the average of three replicates and were presented with standard error by using Microsoft excel 2003.
Parameters studied and its analytical methodology
For evaluating the impact of continuous LSB operation process of wastewater with mixed fungal inoculation, the effluent was harvested at each HRT in order to analyze the supernatant. The total solid, TSS, volatile suspended solid (VSS), and COD were measured based on procedures of the standard methods (APHA 2005), turbidity was measured by using the HACH turbidity meter 2,100 N (HACH, USA) after 30 min of settling time of treated and untreated sludge. Soluble protein was determined according to Lowry method (Lowry et al. 1951) , specific resistance to filtration (SRF) evaluates the resistance of dewaterability or filterability of wastewaters, and wastewater sludge also known as Buchner funnel test was analyzed based on the description of . The Whatman #1 (9-cm diameter) was used for filtration to collect 60-mL filtrate as a function of time by applying the vacuum pressure of 300 mmHg. The specific resistance to filtration (SRF=r) was determined by using the following formula based on the description of Carman (1938) .
Where r is the specific resistance to filtration (in milligrams per kilogram), A is the area of the filter paper (in square meters), P the pressure of filtration (in Newton per square meters), μ the viscosity of filtrate (in Newton seconds per square meters), c* the weight of dry solids per volume of filtrate (in kilogram per cubic meter), b the slope of the plot of filtration time/filtrate volume (t/V) versus filtrate volume (V). Results and discussion LSB process for wastewater sludge treatment has been developed as a safe and environmental friendly technique to solve the problems associated with sewage sludge treatment and disposal by using fungi as a biodegradation agent. The applied process involves the transformation of dissolved and organic substances in to simpler structured biomass with reducing the toxicities for safe disposal. The performance of mixed fungal inoculation for bioremediation of STP sludge in LSB continuous operation at different hydraulic retention times was evaluated and discussed as follows.
Total suspended solids
The level of TSS in water represents its quality. The TSS in supernatant of treated sludge was highly influenced in LSB continuous operation at different HRT by mixed fungal inoculation compared to control (Fig. 2) . The higher HRT enhanced maximum decreasing of TSS in supernatant of treated wastewater sludge than the lower HRT. Gradual decreasing of TSS was noticed both in treated and untreated sludge at 3-10 days of HRT. But the magnitude of higher decreasing was monitored in treated sludge than the untreated. It was implied that inoculated mixed filamentous fungi played significant roles to entrap or adsorb the suspended solids to offer cleaned supernatant, i.e., enhanced the TSS reduction in supernatant of treated sludge. Similar observations were reported by Jin et al. (1999) and that the entrapment of suspended solids particles in sludge by the filamentous fungi results in enhanced significant reduction of TSS. The percent of TSS removal was the highest (98 %) at 10 days of HRT, and the lowest (87 %) was attained at 3 days of HRT. Moreover, the values of percent removal of TSS at 8-10 days of HRT in the present study were suitable to dispose in the environment safely, as its TSS removal was attained to the level of standard values of discharges-standard A and B (ILBS 1999) . Maximum TSS removal at 99.4 % by 6 days in shake flask and 98.8 % by 8 days in lab scale bioreactor was reported by Fakhru'l-Razi et al. (2002) and , respectively, in supernatant of prior sterilized wastewater by co-inoculation of filamentous fungi (A. niger and P. corylophilum). Also, 99.2 % removal at 6 days and 97.8 % removal at 5 days both in flask culture of raw wastewater sludge with filamentous fungus Mucor hiemalis were reported by Fakhru'l-Razi and Molla (2007) and Molla and Fakhru'lRazi (2012) , respectively. In another report, 99 % suspended solids removal was recorded in different sludge treatment by Penicillium expansum BS30 in flask culture at 5 days (Subramanian et al. 2008) . It was implied that the higher days (around 6-8 days) of treatment resulted in higher decrease of TSS than the lower days. In each case, cosubstrate, i.e., 2 % w/v of wheat flour, was applied as supplemented food for the microbes. But in the present study, 98 % TSS removal in continuous LSB process at 10 day of HRT was attained without supplementation of co-substrate by fungal mixed culture of A. niger and P. corylophilum.
Comparatively at higher HRT (around 8-10 days), the removal percent of TSS was recorded higher than the lower HRT, it might be influenced by OLR (grams COD per liter per day), which was 0.66 g COD L −1 day −1 at 10 days of HRT and 7.81 g COD L −1 day −1 at 3 days of HRT. At lower concentration with higher treatment time, bioseparation was achieved in a higher scale than the higher concentration at lower treatment time.
Turbidity
Turbidity of water implies its cleanness. The level of turbidity is inversely related to the cleanness of water. Like the suspended solids of the STP sludge, the turbidity was also responded in similar trend by treatment of mixed fungal inoculation in LSB continuous operation at different HRT (Fig. 3) . The lowest turbidity of the fungal-treated supernatant was recorded at 5.13 Nephelometric Turbidity Unit (NTU) at 10 days of HRT, and the highest was 244 NTU at 3 days of HRT. The values of turbidity was decreased gradually by fungal treatment and inversely correlated to HRT. The decreased trend of turbidity was also monitored in uninoculated, i.e., control sludge over HRT, but there is wider difference between these two profiles (Fig. 3) . The decreasing of turbidity in control treatment might be the result of agitation and impact of bioconversion by available inherent microbes in raw domestic wastewater sludge (Torres et al. 2013) . Decreasing reports of turbidity by fungal treatment of wastewater were reported by several authors. Most of these were carried out in pre-sterilized wastewater with monoculture fungal inoculation. Maximum of 97.3 % turbidity removal was recorded by mixed culture of pre-sterilized wastewater sludge at 8 days ; around 99 % removal at 2 days was reported by Mannan et al. (2005) . At 4 days, the minimum turbidity value was recorded at 36 NTU in the supplemented sludge treated with fungal entrapped bio-solids (obtained from prior fungal (Mucor hiemalis) treated wastewater in flask culture of raw wastewater sludge) which was equivalent to 99.6 % removal (Fakhru'l-Razi and Molla, 2007) . Almost similar results were reported by the same authors in another study (Molla and Fakhru'l-Razi, 2012) . The contaminants in wastewaters were used completely or converted into simpler ones or adsorbed/entrapped by the filamentous fungi, and finally, the wastewater is offered as bleached water Chandralata et al. 2008) . The degree of turbidity also depends on the concentration of the suspended solids, i.e., OLR present in the water as well as the congenial environment of the inoculated microbes. In the present study, the obtained turbidity removal value was 99 % at 10 days of HRT in continuous LSB process, which implied that the studied LSB process would be feasible for continuous treatment of sludge in higher scale.
Chemical oxygen demand COD directly controls the water quality, commonly used to measure the amount of organic compound present in water indirectly. The status of STP sludge with or without mixed fungi treatment in LSB continuous process at different HRT was illustrated in Fig. 4 . Like the other parameters, the COD of the supernatant of fungal-treated wastewater was highly responded in LSB process. The recorded COD removal in supernatant was 73-93 % of treated sludge compared to control at different HRT in continuous LSB process by mixed fungal inoculation. The highest (93 %) and the lowest (73 %) COD removal was achieved at 10 and 3 days of HRT, (ILBS, 1999) and suitable to discharge to the environment freely. Conversely, COD removal was investigated by several authors in different wastes, such as pharmaceutical wastewater, beet molasses alcoholic fermentation wastewater, olive wastewater, oil and grease pet food wastewater, aerobic wastewater, textile wastewaters, and tomato processing wastewater (Table 1) ; however, the present obtained result are closer to them. Furthermore, in domestic wastewater sludge, the highest COD removal of 92.7 % in the supernatant of pre-sterilized treated sludge with mixed fungal inoculation at 10 days in batch fermenter was reported by , and the significant percent (94.3) of COD removal was reported in filtrate of raw wastewater sludge at 2 days in flask culture treated by 10 % of inoculum strength of P. corylophilum (Mannan et al. 2005) . The maximum (87 %) COD removal in supernatant of supplemented raw wastewater sludge without co-substrate in flask culture at 6 days (Fakhru'l-Razi and Molla, 2007) and 95.6 % removal in supernatant of raw wastewater sludge with 2 % wheat flour co-substrate in flask culture at 5 days (Molla and Fakhru'l-Razi 2012) by inoculating single culture of fungus Mucor hiemalis were reported also. In another report, a quite high (89 % in 4 days) reduction of COD was reported in treated paper and pulp effluent by immobilized fungal consortium (Malaviya and Rathore 2007) . The effective percent of COD removal of sludge depends on proper inoculum strength, its effective performances such as to break down and alteration in the structure of sludge constituents, present of carbon substances for microbes in wastewater/sludge, and proper physical parameters of the process (Akthar and Mohan 1995; Mannan et al. 2005) , as well as the organic substances, i.e., OLR in the system.
Protein profile
The estimation of protein is another important parameter to evaluate the quality of water; it also indirectly measures the amount of organic substances present in the water. Therefore, the protein estimation in supernatant of treated wastewater denotes the amount of organic substances available after bioconversion by LSB process of STP sludge; obviously, its minimum presence implies the higher bioconversion, i.e., cleanness of it Molla et al. 2004) . Like the other parameters, the removal LSB sludge Raw sludge protein removed (%) Fig. 5 Protein profile in supernatant of fungal-treated STP sludge in LSB continuous process at different hydraulic retention times percent of protein profile followed similar trend as others (Fig. 5) . The protein profile was gradually declined in supernatants of treated STP sludge with increasing HRT. The lowest removal percent of protein in treated supernatant was 44 at 3 days of HRT, and the highest removal percent was 82 at 10 days of HRT compared to the untreated STP sludge during LSB continuous process (Fig. 5) . The declining trend of protein in supernatant of untreated sludge was also remarked in the present study, it might have happened due to the impact of agitation, inherent microbes, and HRT. The protein estimation in bio-based treated wastewater was not addressed enough in literatures. However, the protein in supernatant was removed appealingly by fungal treatment from 44 to 82 % compared to untreated sludge during the studied bioconversion process. In the present study, the highest 10 days of HRT was offered the maximum percent removal of protein due to a lower OLR as well as longer period of treatment. Conversely, it was opposite at lower HRT (3-4 days of HRT). Perhaps, the OLR of sludge, agitation, length of treatment period, and performance of inocula of microbes (i.e., microbial status) directly has influence on the removal percent of protein in treated wastewater. The maximum 84 % removal of protein in supernatant of fungal-treated pre-sterilized STP sludge in batch fermenter was reported by . The soluble organic matter was utilized by the applied fungi as substrate and energy sources during microbial growth and enhanced the removal rate of soluble protein .
The ratio of volatile suspended solids/suspended solids
The estimation of volatile suspended solids/suspended solids (VSS/SS) ratio represents the quantity of feasible sludge in treated wastewater and quantifies the treatment quality as well. It indicates a larger percentage of sludge produced, while a higher ratio is achieved (Ghangrekar et al. 2005) . Figure 6 shows the values of the ratio which varied from 0.59 to 0.72 (i.e., 59-72 %) at the investigated HRT during the period of the LSB continuous process. The ratio was highest at a minimum HRT of 3 days and declined gradually toward the higher HRT of 10 days as expected due to the accumulation of solid compounds in the bioreactor which occurred from 3 to 10 days of HRT during LSB process. Kalyandurg (2003) reported that the VSS/SS ratio during the aerobic treatment of activated sludge of submerge membrane process was the highest at the beginning due to the presence of higher organic substances. It was observed that the ratio correlates with the applied organic loading rates under different HRT along the present study (Fig. 6) . A high VSS/SS ratio of 0.72 of the sludge was observed at HRT 3 days, when the applied OLR was the highest 7.81 g COD L −1 day −1
. The lowest ratio of 0.59 was observed at HRT 10 days, while OLR was 0.66 g COD L −1 day −1 only. Ghangrekar et al. (2005) observed that the high VSS/SS ratio (0.6-0.65) of the flocculent sludge from the sewage treatment plant was operating in the bioreactor at a higher loading rate more than 6 kg COD m −3 day −1
, and the low ratio (0.4) at low loading rate was recorded at 1.5 kg COD m −3 day −1
. In general, an increasing VSS/SS ratio of sludge was observed with an increased OLR. Specific resistance to filtration, i.e., dewaterability SRF of sludge assesses the nature of dewaterability/ filterability of sludge, and it plays an important role to quantify the level of treatment by measuring the performance of dewaterability and filterability of treated sludge. Generally, the sludge contains higher amount of organic substances, suspended solids, and high viscosity, then its SRF will be higher, and its dewaterability/filterability will be poor. The values of SRF and dewaterability/filterability are always inversely related. In the present study, the SRF was highly influenced, as other parameters by mixed fungal inoculation in continuous LSB process of STP sludge at different HRT compared to untreated ones (Fig. 7) . The decreasing trend of SRF was also noticed in the untreated sludge, but the rate of decreasing trend was lower than the fungal-treated sludge. The decreasing trend in the untreated sludge might have happened due to the impact of agitation as well as its available inherent microbes. In the present study, 76 to 97 % decreasing of SRF was monitored during the continuous process of LSB. The higher decreasing of SRF >90 % was recorded at HRT 7, 8, 9, and 10 days compared to the untreated sludge, which was observed due to the OLR being less than 2 g COD L −1 day −1
. At the OLR between 2 and 3 g COD L −1 day −1
, the decreasing rate of SRF of the treated sludge was documented between 80 and 85 %. While in the OLR of more than 4 g COD L −1 day −1
, the decreasing value of SRF of treated sludge (76 %) was observed. It was implied that the increasing rate of OLR decreased the reduction percent of SRF. The lowest recorded value of SRF was 0.049×1,012 m kg −1 at HRT 10 days of fungal treated sludge, which was equivalent to 97 % decrease of SRF compared to control, its SRF value was 1.61×1,012 m kg
. The maximum SRF decrease of 98 % equivalent to 1.4×1,012 m kg −1 at 6 days of sterilized sludge with the addition of 2 % fungal inocula and 90 % equivalent to 0.097×1,012 m kg −1 at 2 days of raw activated sludge treated with the addition of 10 % filamentous fungal inocula in LSB were recorded by and Mannan et al. (2005) , respectively. Conversely, Fakhru'l-Razi and Molla (2007) reported the maximum SRF decrease of 70.3 % equivalent to 1.75×1,012 m kg −1 at 6 days of raw STP sludge, which was obtained in supplemented sludge treatment by the fungal entrapped bio-solids in flask. The overall higher percentage of decreasing SRF values observed in the LSB continuous process of sludge treatment might immobilize the solid particles of sludge as flocs by applied filamentous fungi. Noticeably, it enhanced the dewaterability of treated sludge by modifying the structure of sludge . Moreover, the SRF might be highly influenced by colloidal particles in the sludge, flocs strength, influence of protein in the sludge, and water bound to sludge surfaces. These could be the strong factors, which depend on sludge characteristics and methods for dewatering (Knocke et al. 1993; Mikkelsen and Keiding 2002; Huang et al. 2002) .
Summary and conclusion
The following conclusions were drawn in the present study, i.e., bioconversion of STP sludge by mixed fungal inoculation in LSB continuous the process at different HRT and OLR of the influent. Encouraging performance in decreasing of TSS, turbidity, TSS, COD, and SRF of fungal-treated STP sludge in LSB continuous process were exhibited compared to the control implied superior bioremediation which was executed in the treated sludge by applied process. Fungal inoculation proved its potentiality in improving water quality of the treated sludge at higher HRT with lower OLR of the influent. The period 10 days of HRT and OLR around 0.66 g COD L −1 day −1 were suitable for bioremediation of STP sludge in LSB continuous process. The treated supernatant in LSB continuous process could be disposed without any further treatment with satisfying standard values of discharge. The applied fungi entrapped/immobilized the suspended solids with their filamentous structures, which would enhance bioseparation and dewaterability. The treated supernatant in LSB continuous process could be disposed without any further treatment with satisfying standard values of discharge. The findings of studied LSB continuous treatment process of STP sludge by mixed fungal inoculation at different HRT are providing an encouraging signal for sustainable treatment of wastewaters in commercial scale biologically, which would be environmental friendly for its safe disposal/recycling in the future.
